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suMMARY

Thethermalconductitityoflow-densityicehasbeencomputedfrom
dataobtainedinanexperimentalinvestigationoftheheattransferand
masstransferby sriblimationforan icedsurfaceona flatplateina
high-velocitytangentialairstream.

Theresultsarecomparedwithdatafromseveralsourcesonthe
thermalconductivityofpackedsnowandsolidglazeice. Theresults
showgoodagreementwiththeequationsforthethermalconductivityof
packedsnowasa functionof snowdensity.Theagreementofthecurves
forpackedsnownesrthesolidiceregimewiththevaluesofthermal
conductivityof iceindicatesthatthecurvesareapplicableoverthe
entireice-densityrange.

INTRODUCTION
Removalof iceformationswhichaccreteonaircraftsurfacesfrom

theimpingementandfreezingof clouddropletshasbeenthestijectof
a considerablesmmuntofresesrchinrecentyears.Theaccumulationof
iceonaircraftsurfacesoccursovera rangeofairtemperaturesfrom
32°F to as lowas -4@F (ref.1). Theiceformationsmaybe nearly
clearglazeicewithlittleporosity,suchasthoseformedatah tem-
peraturesnesrthefreezingpoint,ortheymaybe oftheveryporous
typecharacterizedby frostor iceformedatlowtemperatures.Some
factorswhichaffectthenatureoftheiceformationsarethespeedof
theaircraftandtheclouddxopletsizeanddropletsizedistribution.
Veryfewdatasreavailableonthephysicalpropertiesof iceformations
havinga densityotherthanthatofclesr,solidice. sincemuchofthe
de-icingofaircraftiscurrentlyaccomplishedby theapplicationof. heattothesurfacetobe de-iced,knowledgeofthethermalconductivity
of iceis of importanceindeterminingtheheatlostthroughtheice.
A similarproblemisencounteredinthedeterminationofheat-transfer
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ratesforfrostedrefrigerationeqtipmentsurfaces.A studyofthemass
transferby stilhationandtheheattransferforan icedsurfaceina
high-velocityairstrewn(ref.2)requiredthedeterminationof iceden- ‘
sity,icesurfacetemperature,andrateofheatflowthroughtheice.
Fromthesedata,thethermalconductivityoflow-densityicehasbeen
determinedforseveralvaluesoficedensity.Theresultsobtained

.

arepresentedhereinandareconibinedwithinformationfromseveral
sourcestomakepossiblea morecompleteevaluationofthethermal

m
3

conductivityof iceovertheentireranged icedensity.Thein- m
vestigationwasconductedina 3.84-by 10-inchtunnelattheNACA

—

Lewislaboratory.

METHOD,APPARATUS,AJKDPROCEDURE

Thethermalconductivityofa sribstanceisusuallydeterminedly
meansof standardlaboratoryproceduresandequipment.Fewsuchdeter- .____
minationshavebeenmadeforlow-densityice,however;andsincethe
investigationreportedinreference2 sup@iedallthedatanecessary
forthedeterminationofthermalconductivity,thecomputationswere
madeandsrepresentedherein.

Theiceformationstobe studiedwereformalona sectionofthe ●

uppersurfaceofa flat-platemodelwhichwasmountedinthetestsec-
tionofthe3.84-by 10-inchtunnel.Theicewhichformedonthesur-
facewasthenmaintainedat constantthickness(nonettransferofmass

●

by sublimationor condensation)whiletheheat-flowrateandthetem-
peratureweremeasured.Theconditionof constanticethicknesswas
necessaryfortworeasons:(1)Thestream-sidesurfacetemperature
couldbe readilyobtainedonlyfortheconditionforwhichthesurface
temperaturewasequaltothetemperatureof saturationoftheatistream,
and(2)thethermalconductivitymustbe determinedforsteady-state
conditionsfora constanticethickness.

Theflat-platemodel(showninfig.1)was18 incheslong,0.75
inchthick,and3.84incheswideandwasmadeofwoodtominimizeheat
conductionthroughthemodel.Onesectionoftheuppersurfaceofthe
modelconsistedofa 3.84-by 5.75-inchcopperplate1/16inchthick
setflushinthesurfaceandlocatedwithitsleadingedge& inches

16
fromtheleadingedgeofthemodel.Thecopperplatewastheuppersur-
faceofa multipasscopperboxthroughwhichcoldalcoholcouldbe
pumped.Fivethermocoupleswerelocated@ thesurfaceofthecopper
platespacedatl&nch intervalsalongthecenterline.Thethermo-

●

coupleleadspassedthroughtubesinthealcoholchamber,andthe
thermocouplejunctionsweremadeflushwiththeouterplatesurface.
Thet~es weresolderedto thecopperplateandtothebottomofthe .
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c~er box. Additionalthermocoupleswerelocatedinthetunnelplenum
chambertomeasurethetotaltemperatureoftheairstreamandinthe
alcoholinletandoutletlinesto thecopperbox. A schematicMw=
ofthealcoholandthermocouplesystemisincltiedinfigure1.

A supplyofrefrigeratedair,initiallyatqproximately-20°F and
witha specifichumidityofapproximately5.0XIO-4poundsofwaterper
poundofdryair,wasconditionedtoprovidethedesiredtemperatures
andhumiditiesatthetunneltestsection.Thehumidityoftheair
streamwascontrolledby meansof steamin~ectedat a pointsufficiently
farupstreamtoinsurethoroughmtxingatthetestsection.

Themass-transferinvestigationreportedinreference2 placedcer-
tainrestrictionsonthemethodofformingtheicewhichwerebestmet
by causingthewatervaporinthehumidity-controlledairstreamto con-
densedirectlyto thesolidstateonthesurfaceofthecoldcapper
plate.Theplatewascooledto a temperaturebelowthatofthefrost
pointoftheairstreambytheflowof coldalcoholthrou@thecopper
box. Thealcoholwascooledinan alcohol- dryicebathheatexchanger.
Theresultanticeformationthustooktheformofa densefrost-like
formationas showminfigure2. Iceformationsweredepositedonthe
refrigeratedsurfaceofthecopperplateatnesrlyconstantvaluesof
5000feetpressurealtitudeand45°F totaltemperatureoftheairstream
forMachnunbersof 0.4,0.6,and0.8. Thethicknessoftheiceforma-
tion,whichisdependentuponthehumidity,velocity,andstaticpres-
sureoftheah stream,wascontrolledthroughregulationofthesteam
supplyusedforhumidificationof”theairstream.Theicewasallowed
to formuntila thiclmessofapproximately0.20centimeterhadbeenob-
tained.Measurementsoftheicethicknesswhilethetunnelwasinoper-
ationweremadethrougha windowinthetunnelwalJ_by theuseofa
short-focal-lengthtelescopemountedona verniercarriage.Thetele-
scopewasfocusedonthepointer(fig.2)whichwasdirectlyabovethe
centerlineofthecopperplate.Thedepthoffocusofthetelescope
was.lessthan3/4inch;therefore,withthepointerinfocustheice
surfaceviewedwaswithintherangeofapproximatelyS/8 inchfromthe
centerline.Themeanheightoftheicesurfacewasusedinorderto
accountforroughnessprojectionsanddepressions.

~ obtainmeasurementsof icedensity,a 2-by 4-inchsheetof
brass0.002inchthickwaswettedononesideandfrozentothecopper
plate.Icewasthenformedby condensationonthethinbrasssheetfor
eachMch umber condition.Theicethicknesswasmeasuredwiththe
telescupe,andthenthebrasssheetandtheicewereliftedfromthe
coldplateandremovedfromthetunnelto determinetheiceweightand
theaverageicedensity.Thedensityoftheicewasassumedtobe uni-
formthroughout itsthicknessandat allpointsonthesurface.
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Theheat-transferratethroughtheicecouldnotbe measured
directlyfromtheheatgainedby thealcoholinflowingthroughthe
copperbox,astherewassomecontributiontothetotalheatgainedby
thealcoholfromconductionthroughthewoodmodel.Thetotalheat
transferredtothealcoholwasdeterminedfrommeasurementsoftheal-
coholflowrate}alcoholinletteq?eratwe~.andchangeintewerat~e
betweeninletandoutlettothecopperbox. TheDewarflasksandstfirer
showninfigure1 ensureduniformtemperatureofthealcoholacrossthe
tubingcrosssectionatthepointsoftemperaturemeasurement.Theal-
coholflowratewasmeasuredimmediatelyfollowingthetemperature
measurementsby divertingtheflowandobtaiufngvolumemeasurements
overa 45-secondtimeinterval.Valuesofthespecificgravityofthe
alcoholatthetemperaturesusedweredeterminedexperimentally,and
valuesofthespecificheatofthealcoholforthetemperatureandwater
contentconditionsexistingduringtheinvestigationwereobtainedfrom
reference3.

Itwasnecessaryto determinetheheatgainedby conductionthrough
themodel,whichmustbe mibtractedfromthetotalheatgainedby the
alcoholto determinetheheatflowthroughtheice. Forthispurposean
insulatingmaterial(corkboafd)ofknownthermalconductivitywas
cementedtothesurfaceofthecopper@ate. Thetotalheatgainedby
thealcoholwiththecorkinplaceisthesumoftheconductionheat
flowthroughthemodelandthroughthecork.For.agoodInsulating
materialsuchas cork,thesurfacetemperatureonthestresmsideis
approximatelyeqpalto theadiabaticwalltemperature;thustheheat
transferthroughthecorkcanbe calculatedfromtheadiabaticwalltem-
perature,themeasuredplatesurfacetemperaturebeneaththecork,and
theconductivityofcorkboard(ref.4 andthemanufacturer’sdata).
Theuseoftheadiabaticwalltemperature(computedfrmnmeasurements
ofthetotaltemperatureandthetotalandstaticpressure)forthesur-
facetemperatureofthecorkduringheattransferthroughthecorkre-
sultsinanerrorofapproximately5 percentoftheheatflowthrough
thecork.However,becausetheheatconductedthrdughthecorkisa
relativelysmallproportionofthetotalh~atgainedby conduction,the
resultingerrorinthedeterminationoftheheatconductedthroughthe
woodmodelisapproximately1 percent.Valuesoftheheatgainedby
conductionweredeterminedforthevariousMachnumbers,pressurealti-
tudes,andalcoholbulktemperatures.A conductioncorrectionfactor
fortheheatgainedthroughthemodelwasdeterminedwhichisa function
ofReynoldsnuuiber,astheheatconductedthroughthewoodwasfirst
transferredtothewoodby convectionfrom-theairstream.By useof
theconductioncorrectionfactor,valuesoftheheatgainedby conduc-
tionthroughthewoodwereobtainedandwerestitractedfromthetotal
heatgainmeasuredwithiceonthesurfaceto determinetherateofheat
transferthroughtheice.

a
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Inorderthattheheattransfertothealcoholshouldnotinclude
anyheatrequiredforthetransferofmasseitherto orfromtheicesur-
face,thehumidityoftheaimstreamwasadjusteduntiltheiceremained
at constantthickness.Withconstanticethiclmessthereisno netmass
transfer;thatis,stilimationoftheiceandcondensationofthevapor
fromtheairontheicesurfaceoccuratthesamerate. Underthese
conditions,thesurfacetemperatureoftheiceisthetemperatureof
saturationoftheairstream(frost-pointtemperature).Thefrost-point
temperaturewas~asuredwitha sensitivedew-pointmeterfromcontinuous
ssmplesoftheairfromtheplenumchsmiber,expandedto thestaticpres-
sureexistingovertheicesurface,andwasthusa measurementoftheice
surfacetenq?erature.Cmqmtationsofthethermalconductivityoftheice
formationcouldthusbe madefromtheequation

k= ~x/A(tice-$late)

where

KI correctedrateofheatflow,Btu/hr

x icethickness,in.

A Icesurfacesxea,sqft

t ice temperatureof stream-sideicesurface,%?

$late temperatureofplatesurfacebeneaththeice,%’

and k hastheunits 3tu/(hr)(sqft)(OF/in.).

Fromanexaminationoftheaccuracyofthevariousmeasurementsre-
quiredforthedeterminationofthethermalconductivityoftheice,an
estimateoftheprecisionoftheresultsmaybe obtained.

Thetemperatureriseofthealcoholinflowingthroughthecopper
boxandtherateofalcoholflowweremeasuredwithequipmentwhich
ensureda highdegreeofaccuracy.Theaccuracyofthesemeasurements
ccmibinedwiththeapplicationoftheconductioncorrectionfactortothe
totalheatgainedby thealcoholresultsina precisionoftheorderof
+5percentforthedeterminationsofthecorrectedrateofheatflow
throughtheice.

Measurementsoftheicethicknesswerelimitedto thesxeainthe
fieldof viewofthetelescope.Thetelescopeanditsverniercarriage
weremountedona verticalshaft,andby rotatingthetelescopeand
csrriageabouttheshafta somewhatlsrgerviewingmea couldbe covered.
A limitednumberofobservationsmadeinthismannerindicatedthatthe
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thicknesswasessentiallyconstant.Anygradientinthicknessfrom
leadingedgeto trailingedgewasaveragedsincetheicethickness 8

measurednesrthecenterofthe@ate. -Fromtheaccuracyofrepeti-
tionofmeasurementswiththetelescope,thedeterminationoftheice
thicknesswasestimated.tobe within+2percentoftheaverageicethick-

.

nessovertheentireplate.

Themeasurementsoftheaverageicesurfacetemperature(frost-point
temperature.)wereestimatedtobe inerrorby lessthan&l”F.

2
Theplatesurfacetemperaturebeneaththeiceshoweda temperature $

profileinthestreamdirectionwhichwaslownearthecenterofthe
plateby approximately10°F. However,theaverageofthesetempera-
tureswasestimatedtobe within+2°F oftheaveragetemperatureof
theplatesurface,andthecotiinederrorintheplatesurfacetempera-
tureandtheicesurfacetemperaturemeasurementswouldbe of’theorder
of*7.5percent.

Fromtheconibinederrorsinthemeasurements,theaccuracyof
determinationofthethermalconductivityoftheicewasindicated
be within+15percent.

RESULTSANDDISCUSSION

the
to

Thedensityoftheiceformedby thecondensationofthevaporfrom
theairstreamat constantvaluesoftotaltemperatureandpressure
altitudevariedas a functionoftheMachnuuberatwhichtheicewas
formed,as showninfigure3. Averagevaluesoftheicedensityfor
threeor moreicesamplesweredeterminedforeachWch nuniber.

Valuesofthethermalconductivityofice(Btu/(hr)(sqft)(%F/in.))
wereobtainedforiceformedatMachntiersof 0.4to 0.8andsrepre-
sentedinfigure4 asa functionofthedensity(obtainedfromfig.3)
oftheiceformation.Theaveragetemperatureoftheiceas determined
fromtheaverageofthestream-sideice-surfacetemperateandthe
model-sideplate-surfacetemperaturewasinthetemperaturerangefrom
3°to -13°F. Thevaluesofthermalconductivityobtainedshowedno
consistentvariationwithtemperatureforthetemperaturerangeusedin
thisinvestigation.Includedinfigure4 arevaluesobtainedbyseveral
investigatorsasreportedinreferences4 to 6 forsolidglazeiceand
forpackedsnow.Allthedatapointsshowninfigure4 fordensities
lessthan0.9gramsperctiiccentimeterareforpackedsnowexceptfor
theresultsofthepresentinvestigationwhichareforiceformedby the
condensationmethod.Theequationsfortheconductivityofpackedsnow
determinedlyvanDusen(ref.6)
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k= 0.21+ 4.2P+ 21.6P3milliwatt/

7

s
andby Devaux(ref.7),for 0.1< P <0.6,

k= 0.29(1+100P2)milliwatt/

havebeencmputedovertherangeof densityfrom P = 0.1 to that of
solidice(a~roximately0.92)andareshownasdashedlinesonthefig-

: ure. Therangesofthermalconductivityof solid.,glazeicefortemper-
8 aturesfrom00to -90°C asgiveninreference6 fromcomputationsof

vanDusen’seqyations(k= 20.9(1- 0.0017t)milliwatt/ andby
JakobandErk(ref.6)arealsopresented.vanDusenshowsa relatively
smallincreaseinthermal-conductivityvalueswithdecreasein icetem-
perature,whiletheworkofJakobandErk,whichismorerecent,shows
“a considerablygreaterchangewithtemperature.Theeqyatiogsofvan
DusenandDevauxforpackedsnowwitha densitynesrthatof solidice
showgoodagreementwithalltheresultspresentedforsolidiceexcept
forthelow-temperatureresultsofJakobandErk. Thevaluesofthermal
conductivitydeterminedinthepresentinvestigationare,forthemost
part,boundedby thevanDusenandDevauxcurves.Thespreadinthedata
isoftheorderoftheerrorindicatedby theanalysisoftheprecision
ofthemeasurements.

Thevaluesofthermelconductivityof snowat densitiesof 0.45and
0.5grampercubiccentimeter,astakenfromtheInternationalCritical
TablesfromtheresultsofJanssonandfromIngersollandZobel,a~esr
lowwhencomparedwiththevalueJanssonreportedat a densityof O.11
gramperctiiccentimeterandtheotherdataoffigure4. Thedataand
curvesshowninfigure4 indicatethateithertheDevauxorthevan
Dusencurveswillprobablygivegoodapproxtitionofthethermalcon-
ductivityof iceoverthewholerangeof icedensities;itappearsprob-
ablethattheuseofthevanDusencurvemayresultinvaluesofthermal
conductivitywhicharetoolowforiceatverylowtemperatures.

CONCLUDINGREMMUW

Valuesofthethermalconductivityoflow-densityiceformalby a
condensationprocessona coldsurfacehavebeendetermined.Thedata
showgoodagreementwiththeequationsof van DusenandDevauxforthe
thermalconductivityM packedsnowasa functionofthesnowdensity.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,January15,1954
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